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Abstract 

Escalating  threats  of  terrorist  activity  have  led  to  urgent  demands  for  innovative  devices  for  on-site  detection  of  chemical  and  biological 
agents  and  explosive  materials.  Field  detection  of  such  hazardous  substances  requires  that  a  powerful  analytical  performance  be  coupled  to 
miniaturized  low-powered  instrumentation.  “Lab-on-a-Chip”  devices,  where  liquids  are  manipulated  in  a  microchannel  network,  offer  great 
promise  for  converting  large  and  sophisticated  instruments  into  powerful  field-deployable  analyzers.  Particularly  attractive  for  on-site  security 
applications  is  the  very  small  footprint  of  microchip  devices,  high  degree  of  integration,  high  performance,  fast  response,  and  versatility. 
This  article  reviews  a  variety  of  microchip-based  protocols  and  devices  for  detecting  terrorist  weapons.  Such  microfluidic  devices  offer  great 
promise  for  transporting  the  forensic  laboratory  to  the  sample  source,  and  providing  an  early  warning  prior  to  terrorist  activity,  or  a  rapid 
post-analysis  ‘fingerprints’  of  a  disaster  site.  Due  to  the  small  footprint  of  microchip  devices,  it  could  be  possible  to  perform  multiple  assays 
simultaneously.  Such  prospects,  challenges  and  applications  are  discussed. 
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1.  Introduction 

Growing  concerns  regarding  terrorist  activity  have  gener¬ 
ated  tremendous  demands  for  innovative  field-portable  tools 
capable  of  detecting  warfare  agents  and  explosive  com¬ 
pounds,  in  a  faster,  simpler,  and  reliable  manner  at  the  site 
of  terrorism  [1].  On-site  real-time  monitoring  is  urgently 
needed  to  protect  the  health  and  safety  of  society,  for  ensur¬ 
ing  our  food  safety,  and  protect  the  water  supply  systems.  For 
example,  a  rapid  and  sensitive  detection  of  chemical  and  bi¬ 
ological  warfare  agents  could  provide  an  early  alarm  of  their 
release,  hence  minimizing  further  spread  and  civilian  casu¬ 
alties.  Point-of-care  diagnosis  of  individuals  potentially  ex¬ 
posed  to  such  threat  agents,  will  allow  first-responder  health 
providers  to  react  quickly  and  efficiently  to  provide  optimal 
and  case-appropriate  health  care,  and  convince  unexposed 
individuals  of  their  health  safety.  Highly  sensitive  field  mea¬ 
surements  of  low-  and  high-energy  explosives  are  urgently 
needed  to  support  various  surveillance  activities  and  in¬ 
vestigation  of  bombing  sites.  ‘Counter- terrorism’  detection 
systems  should  thus  offer  high  sensitivity  and  selectivity,  a 
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fast  response,  low  false  alarms,  portability  and  low-power 
requirements.  Today’s  systems  are  too  bulky  or  slow  to  meet 
the  “detect  to  warn”  needs  for  civilians  or  soldiers.  Design¬ 
ing  miniaturized  field-deployable  devices  that  retain  the  high 
sensitivity  and  selectivity  of  sophisticated  laboratory-based 
instruments  represents  a  major  analytical  challenge. 

The  aim  of  the  present  article  is  to  review  recent  efforts 
towards  the  development  of  microchip  devices  for  detecting 
explosive  compounds  and  chemical  and  biological  warfare 
agents.  Microfabricated  microfluidic  analytical  devices,  in¬ 
tegrating  multiple  sample  handling  processes  with  the  actual 
measurement  step,  represent  the  fastest  developing  field  in 
analytical  chemistry  and  hence  are  of  considerable  recent 
interest  [2,3].  Such  devices,  referred  to  as  “Lab-on-a-Chip” 
devices,  offer  tremendous  potential  for  obtaining  the  de¬ 
sired  forensic  information  in  a  faster,  simpler,  and  cheaper 
manner  compared  to  traditional  laboratory-based  instru¬ 
ments.  “Lab-on-a-Chip”  devices  are  fabricated  using  planar 
glass  and  polymer  substrates,  with  a  cover  plate  used  for 
closing  the  microchannel  network  in  the  etched  plate.  The 
microfabrication  process  facilitates  the  integration  of  a  short 
separation  channel  with  functional  elements,  such  as  mixing 
tees  and  cross  intersections  for  mixing  reagents  and  inject¬ 
ing  samples  with  high  speed  and  reproducibility.  Such  fluid 
flow  and  reagent  mixing  are  accomplished  via  electrokinetic 
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transport  (which  is  the  combined  effect  of  electroosmosis 
and  electrophoresis),  without  the  use  of  external  pumps 
and  valves.  This  is  accomplished  by  regulating  the  applied 
voltages  at  the  terminus  of  each  channel  of  the  microchip. 
Capillary  electrophoresis  (CE)  has  proven  to  be  particularly 
suited  for  high-speed  microchip  separations.  Compounds  are 
separated  based  on  their  mass-to-charge  ratios;  neutral  ones 
require  an  addition  of  a  charged  surfactant  to  the  run  buffer. 

“Lab-on-a-Chip”  technology  holds  great  promise  for  con¬ 
verting  large  and  sophisticated  laboratory-based  instruments 
into  powerful  field-portable  analyzers.  Particularly  attractive 
for  on-site  homeland-defense  applications  is  the  very  small 
footprint  of  microfluidic  devices,  their  very  fast  response, 
high  degree  of  integration,  versatility,  and  high  performance. 
Complete  assays,  involving  sample  pretreatment  (e.g.  pre¬ 
concentration/extraction),  chemical/biochemical  derivatiza- 
tion  reactions,  electrophoretic  separations,  and  detection, 
have  been  realized  on  single  microchip  platforms  [2,3]. 
Highly  effective  separations  combined  with  short  assay 
times  have  been  achieved  by  combining  long  separation 
channels  and  high  electric  fields.  The  small  footprint  of 
microchip  devices  permits  the  adaptation  of  highly  parallel 
assays  (in  multi-channel  manifolds),  which  opens  the  door 
to  simultaneous  monitoring  of  various  classes  of  terrorist 
weapons.  The  versatility  of  such  on-chip  assays  offers  great 
promise  for  conducting  novel  operations  relative  to  home¬ 
land  security,  e.g.  rapid  switching  between  rapid  screening 
and  fingerprint  identification  [4].  Advances  in  the  areas  of 
microfluidics  and  microfabrication  over  the  past  decade 
have  led  to  microchip  analytical  devices  with  a  broad  range 
of  functionality  and  versatility  [2,3].  Newly  developed  mi¬ 
crofluidic  devices  offer  great  promise  for  providing  an  early 
and  rapid  warning  and  alarm  prior  to  terrorist  activity,  as 
well  as  a  fast  post- analysis  ‘fingerprints’  of  a  disaster  site. 

The  successful  deployment  of  4 counter-terrorism ’  mi¬ 
crochip  analytical  devices  requires  proper  attention  to  the 
issues  of  continuous  sampling  (through  effective  ‘world-to- 
chip’  interfaces)  and  on-chip  sample  pretreatment  (cleanup, 
preconcentration,  etc.).  In  the  following  sections  we  will 
discuss  the  prospects,  opportunities  and  challenges  of  devel¬ 
oping  chip-based  detection  devices  for  explosive  substances 
and  chemical  or  biological  warfare  agents. 

2.  Microchip  devices  for  monitoring  explosives 

There  are  urgent  security  needs  for  a  rapid  and  sensi¬ 
tive  detection  of  explosives  for  supporting  various  ‘counter- 
terrorism’  surveillance  activities.  Such  activities  include  the 
detection  of  hidden  explosives  and  investigation  of  bombing 
scenes  [5].  Post-explosion  analysis  is  of  great  importance 
for  such  investigations,  particularly  for  connecting  between 
cases  and  suspects.  Various  chip-based  protocols  have  shown 
useful  for  fast  and  sensitive  measurements  of  low-energy 
ionic  explosives  and  high-energy  organic  explosives.  The  lat¬ 
ter  require  separation  by  micellar  electrokinetic  chromatog¬ 


raphy  in  connection  to  electrochemical  or  fluorescence  de¬ 
tection. 

Efforts  aimed  at  the  microchip-explosive  detection  were 
initiated  at  the  Sandia  National  Laboratory  [6].  These 
efforts  have  led  to  a  portable  self-contained  system  (Micro- 
ChemLab™)  capable  of  monitoring  nitroaromatic  explo¬ 
sives  in  both  gas  and  liquid  phases  in  connection  to  a 
variety  of  separation  and  detection  schemes.  The  Sandia’ s 
microsystem  also  integrates  sampling  (from  the  real  world) 
and  has  been  expanded  to  the  detection  of  biotoxins.  Wal¬ 
lenberg  and  Bailey  [7]  combined  a  MEKC  separation  on  a 
glass  chip  with  indirect  laser-induced-fluorescence  detec¬ 
tion  for  rapid  measurements  of  nitroaromatic  compounds  in 
environmental  samples.  A  65  mm  long  separation  channel 
offered  complete  separation  of  10  explosives  within  1  min 
(in  connection  to  60,000  theoretical  plates)  in  connection  to 
the  Cy 7-dye  visualizing  agent.  For  example,  Fig.  1  displays 
the  separation  and  detection  of  14  explosives  in  an  EPA 
8330  mixture  using  a  separation  voltage  of  4000  V.  An  epi- 
fluorescence  detection  setup  was  employed,  with  excitation 
provided  by  a  near  IR  diode  laser  operating  at  750  nm. 

Self-contained  CE  microchips,  based  on  electrochemi¬ 
cal  detection,  are  extremely  attractive  for  on-site  security 
applications  owing  to  the  inherent  miniaturization,  high 
performance,  low  cost  and  minimal  power  demands  of  such 
detectors.  The  inherent  redox  activity  of  nitroaromatic  ex¬ 
plosives  make  them  ideal  candidates  for  electrochemical 
monitoring.  Such  organic  explosives  are  readily  reduced 
at  low  potentials  at  various  working  electrode  materials. 
Our  group  and  that  of  Luong  have  developed  several  ef¬ 
fective  CE/amperometric  microchip  protocols  for  detecting 
nitroaromatic  explosives  down  to  the  ppb  level  [4,8-10]. 
Such  amperometric  detection  relies  on  the  application  of  a 
fixed  (negative)  potential  at  the  working  electrode  (to  drive 
the  electron-transfer  reaction),  and  monitoring  the  reduc¬ 
tion  current  as  a  function  of  time.  The  current  response 
thus  generated  reflects  the  concentration  profiles  of  these 
explosives  as  they  pass  over  the  detector.  A  surfactant,  such 
as  sodium  dodecyl  sulfate  (SDS)  is  commonly  added  to  the 
run  buffer  to  facilitate  the  separation  of  the  neutral  nitroaro¬ 
matic  explosives.  Hilmi  and  Luong  [9]  employed  a  gold 
working  electrode,  formed  by  electroless  deposition  onto 
the  chip  capillary  outlet,  for  highly  sensitive  amperometric 
detection  of  nitroaromatic  explosives  (with  a  detection  limit 
of  24  ppb  TNT).  Analysis  of  a  mixture  of  four  explosives 
(TNT,  2,4-DNT,  2,6-DNT  and  2,3-DNT)  was  accomplished 
in  around  2  min,  using  a  detection  potential  of  —0.8  V  and 
a  borate/SDS  buffer.  Wang  et  al.  [10]  described  the  use  of 
diamond  working  electrodes  for  imparting  high  sensitivity 
and  stability  onto  amperometric  detection  of  nitroaromatic 
compounds  following  their  CE  microchip  separations.  The 
enhanced  stability  was  indicated  from  a  RSD  of  0.8%  for 
60  repetitive  measurements  of  5  ppm  2,4,6-trinitrotoluene. 

Further  lowering  of  the  detection  limits  of  these  opti¬ 
cal  and  electrochemical  explosive  detection  schemes  can 
be  accomplished  by  integrating  on-chip  preconcentration 
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Fig.  1.  Separation  and  detection  of  a  mixture  of  nitroaromatic  and  nitramine  explosives  on  a  microchip  with  micellar  electrokinetic  chromatography  and 
indirect  laser-induced  fluorescence.  Analytes:  20  ppm  TNB  (1),  DNB  (2),  NB  (3),  TNT  (4),  tetryl  (5),  2,4-DNT  (6),  2,6-DNT  (7),  2-,  3-  and  4-NT  (8), 
2-Am-4,6-DNT  (9),  and  4-Am-2,6  DNT  (10)  (from  Ref.  [7]  with  permission). 


elements.  In  particular,  Collins  and  coworkers  [11]  de¬ 
scribed  a  microscale,  semi-automated  solid-phase  extrac¬ 
tion  (SPE)  system  for  explosives.  The  SPE  microcolumn 
was  constructed  from  a  Teflon  tubing  packed  with  the  SPE 
material.  The  collected  explosives  were  eluted  into  5  jxl 
acetonitrile  to  provide  ng/1  detection  limits. 

Convenient  distinction  between  ‘total’  and  ‘individual’ 
explosive  compounds  has  been  accomplished  in  connection 
to  chip-based  ‘flow-injection’  (fast- screening)  and  the  ‘sep¬ 
aration’  (fingerprint-identification)  operation  modes  [4].  The 
realization  of  such  dual-mode  (flow-injection/separation) 
protocol  using  a  single  microchannel  chip  manifold  in¬ 
volved  a  rapid  switching  from  a  run  buffer  that  did  not 
contain  sodium  dodecyl  sulfate  (SDS)  to  an  SDS -containing 
buffer.  As  desired  for  various  forensic  and  defense  scenar¬ 
ios,  this  allowed  repetitive  high-speed  screening  assays  of 
the  ‘total’  content  of  explosive  compounds,  and  switching  to 
the  detailed  fingerprint  identification  once  such  substances 
were  detected.  Fig.  2  illustrates  such  ‘total’  and  ‘individual’ 
measurements  for  a  mixture  of  nitroaromatic  organic  ex¬ 
plosives.  Applicability  to  nerve-agent  compounds  was  also 
demonstrated. 

In  addition  to  high-energy  organic  explosives,  chip-based 
devices  offer  great  promise  for  separating  and  detecting 
explosive-related  ions  [12].  A  new  contactless-conductivity 
detection  system  has  been  particularly  useful  for  this  task. 
Such  detector  can  sense  ah  ionic  species  having  conduc¬ 
tivity  different  from  the  background  electrolyte.  The  low 
electroosmotic  flow  (EOF)  of  the  poly(methylmethacrylate) 
(PMMA)  chip  material  facilitated  the  rapid  switching  be¬ 
tween  analyses  of  explosive-related  cations  and  anions 
using  the  same  microchannel  and  run  buffer  (and  without 
an  EOF  modifier);  this  led  to  a  rapid  (<lmin)  measure¬ 
ments  of  seven  explosive-related  cations  and  anions  down 


to  the  low  micromolar  level.  Addition  of  a  18-crown-6 
ether  modifier  has  been  used  for  separating  the  peaks  of 
co-migrating  potassium  and  ammonium  ions.  In  addition 
to  sequential  injection  of  anionic  and  cationic  explosives, 
it  is  possible  to  use  a  special  chip-based  dual-end  oppo¬ 
site  injection  protocol  for  simultaneous  measurements  of 
explosive-related  cations  and  anions  [13].  For  this  purpose, 
mixtures  of  anions  and  cations  were  injected  simultaneously 
from  both  sides  of  the  chip  to  the  separation  channel,  so 
that  the  cations  and  anions  migrated  in  opposite  directions 
and  detected  in  the  center  of  the  separation  channel  by  a 
movable  contactless-conductivity  detector.  Simultaneous 
measurements  of  explosive-related  ions  and  nerve-agent 
degradation  products  were  also  documented. 

A  new  dual  electrochemical  microchip  detection  system, 
based  on  the  coupling  of  conductivity  and  amperometric  de¬ 
tection  methods  facilitated  the  simultaneous  measurements 


Fig.  2.  Electropherograms  depicting  the  ‘total’  (a)  and  ‘individual’  (b) 
assays  for  mixtures  of  nitroaromatic  explosives.  Analytes:  TNB  (1),  DNB 
(2),  TNT  (3),  2,4-DNT  (4),  2-Am-4,6-DNT  (5),  and  4-Am-2,6-DNT  (6); 
10  ppm  each  (from  Ref.  [4]  with  permission). 
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Fig.  3.  Simultaneous  CE  microchip  measurements  of  low-  and  high-energy 
explosives  as  recorded  with  a  dual  conductivity  (a)  and  amperometric  (b) 
detectors.  Analytes:  methyl-ammonium  (1),  methylammonium  (2),  sodium 
(3),  TNB  (4),  TNT  (5),  2,4-DNB  (6),  and  2-Am-4,6-DNB  (7);  system 
peak  (SP)  (from  Ref.  [14]  with  permission). 

of  both  nitroaromatic  and  ionic  explosives  [14].  The 
microsystem  relied  on  the  combination  of  a  contactless 
conductivity  detector  with  an  end-column  thick-film  car¬ 
bon  amperometric  detector.  Its  ability  to  monitor  both 
redox-active  nitroaromatic  and  ionic  explosives  is  illustrated 
in  Fig.  3.  The  total  assay  of  this  seven  explosive-related 
mixture  is  performed  within  less  than  2  min. 

Bromberg  and  Mathies  [15]  have  recently  coupled  ho¬ 
mogeneous  immunoassays  with  microfabricated  CE  devices 
for  highly  sensitive  detection  of  TNT  and  its  derivatives. 
The  electrophoretic  competitive  immunoassay  was  based 
on  the  rapid  separation  of  an  equilibrated  mixture  of  an 
anti-TNT  antibody,  fluorescein-labeled  TNT,  and  unlabeled 
TNT.  Such  chip-based  immunoassay  offered  a  wide  dynamic 
range  (1-300  ng/ml),  with  a  detection  limit  of  1  ng/ml.  Ki¬ 
netic  assays  were  employed  for  determining  the  binding  and 
dissociation  constants.  As  will  be  described  below,  on-chip 
immunoassays  offer  also  great  promise  for  on-site  detection 
of  biothreat  agents. 

3.  Microchip  devices  for  detecting  CWA 

In  response  to  recent  terrorist  activity,  there  are  urgent 
demands  for  highly  sensitive,  rapid  and  reliable  methods  for 
on-site  measurements  of  chemical  warfare  agents  (CWA) 
and  their  degradation  products  [16]. 

Nerve  agents  derive  their  name  from  their  adverse  effect 
on  the  nervous  system.  Several  papers  have  demonstrated 
the  utility  of  microchip  devices  for  detecting  CWA.  Ramsey 
and  coworkers  described  microfluidic  assays  of  acetyl¬ 
cholinesterase  (AChE)  inhibitors,  integrating  the  sequential 
steps  of  such  inhibition  protocols  onto  the  microchip  plat¬ 
form  [17].  AChE  inhibitors  were  monitored  from  the  de¬ 
creased  fluorescence  signal  of  the  thiocholine  product.  Such 
negative  peaks  are  diagnostic  of  competitive  and  irreversible 
inhibition  processes.  Four  cationic  inhibitors  of  AChE  were 
thus  separated  electrophoretically  and  detected  within  70s 


inhibitor 

sample 


Fig.  4.  Schematic  of  the  enzyme-based  chip  for  measuring  inhibitors.  The 
channels  terminate  at  reservoirs  containing  the  indicated  solutions  (from 
Ref.  [17]  with  permission). 

(Fig.  4).  In  addition,  a  stopped- flow  protocol  was  employed 
for  extending  the  reaction  time  of  irreversible  inhibitors  (to 
5  min)  and  lowering  the  detection  limits  (e.g.  down  to  10  nM 
carbofuran).  A  CE-microchip,  based  on  an  amperometric 
detection,  has  been  employed  for  monitoring  organophos¬ 
phorous  (OP)  compounds  [18].  Such  non-enzymatic  device 
relied  on  the  CE  separation  of  organophosphorous  pesti¬ 
cides  followed  by  their  reductive  detection  at  an  end-column 
thick-film  carbon-electrode  detector.  Such  microchip  de¬ 
tection  of  OP  compounds  has  been  combined  with  rapid 
switching  between  rapid  (flow-injection)  screening  and 
fingerprint  (separation)  identification  [4]. 

A  chip-based  CE/conductivity  microfluidic  device  was 
recently  developed  for  fast  screening  of  CWA  degradation 
products  [19].  The  miniaturized  system  relies  on  an  efficient 
chip-based  separations  of  alkyl  methylphosphonic  acids 
(breakdown  products  of  Sarin,  Soman,  and  VX  nerve-agents) 
followed  by  their  sensitive  contactless  conductivity  detec¬ 
tion.  The  new  microsystem  couples  high  sensitivity,  with  a 
fast  response,  good  precision  and  a  wide  linear  range.  For  ex¬ 
ample,  Fig.  5B  displays  an  electropherogram  for  a  river  sam¬ 
ple,  spiked  with  20  ppm  methylphosphonic  acid  (a),  ethyl 
methylphosphonic  acid  (b),  and  isopropyl  methylphospho¬ 
nic  acid  (c).  Three  well-defined  and  baseline-resolved  peaks 
are  observed  for  these  nerve-agent  degradation  products. 
The  total  assay  time  is  around  130  s.  Note,  the  flat  baseline 
and  the  absence  of  background  interferences  (Fig.  5 A). 
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Fig.  5.  Microchip  conductivity  detection  of  CWA  degradation  products. 
Electropherogram  for  a  river  water  sample  before  (A)  and  after  (B)  the 
addition  of  20  ppm  MPA  (a),  EMPA  (b)  and  IMPA  (c).  The  untreated 
sample  was  filtered  and  spiked  with  the  required  amounts  of  MES/His 
buffer  (to  yield  a  5mM  level  and  pH  of  6.1)  (from  Ref.  [19]  with 
permission). 

Qiu  and  Collins  reported  recently  on  the  microchip  flu¬ 
orescence  detection  of  cyanide  [20].  Such  detection  was 
accomplished  by  using  the  reaction  of  cyanide  with  2,3-nap 
thaldehyde  and  taurine  to  form  a  fluorescent  derivative.  The 
latter  was  separated  on  a  CE  microchip  and  detected  utiliz¬ 
ing  a  violet  diode  laser  excitation  source,  thereby  maintain¬ 
ing  the  potential  portability  of  this  detection  microsystem. 


4.  Detection  of  biothreat  agents 

Biological  agents  such  as  bacteria,  viruses  or  toxins,  have 
long  been  used  as  tools  of  terrorism.  Hence,  there  are  ur¬ 
gent  needs  for  portable  field-deployable  highly  sensitive 
fast-responding  detection  devices  capable  of  rapidly  iden¬ 
tifying  and  quantifying  broad  classes  of  biological  warfare 
agents  (BWA).  Such  fast  and  sensitive  pathogen  detection 
could  provide  an  early  warning  of  their  release,  hence  mini¬ 
mizing  further  spread  and  human  casualties.  Early  detection 
of  bioagents  is  also  essential  for  protecting  our  water  re¬ 
sources  and  food  supplies  in  defense  against  terrorist  activity. 

The  coupling  of  ‘Lab-on-a-Chip’  technology  with  novel 
detection  biochemistry  offers  great  promise  for  BW  threat 
detection  and  diagnosis.  Microchip  devices  could  provide 
early/rapid/timely,  reliable  and  simultaneous  on-site  identifi¬ 
cation  and  quantitation  of  biothreat  agents.  For  example,  the 
Sandia’s  MicroChemLab  has  been  expanded  for  biotoxin 
detection  down  to  the  nanomolar  level  [16].  Such  biotoxin 
two-channel  device  utilizes  microchip  CE  and  gel  elec¬ 
trophoresis  to  provide  orthogonal  analysis  in  connection  to  a 
LIF  detection.  Two  chip-based  routes,  involving  immunoas¬ 
says  and  genetic  testing,  are  being  evaluated  for  this  task. 

4.1.  On-chip  immunoassays 

Recent  activity  has  led  to  the  development  of  immunoas¬ 
says  for  detecting  BWA  [21].  Immunoassays  rely  on  the 
shape  recognition  of  the  analyte  (antigen)  by  the  antibody 


Fig.  6.  Layout  of  the  flow  manifold  for  a  six-channel  microfluidic  im¬ 
munoassay  device.  Each  reaction  cell  has  reservoirs  for  the  sample  (SI), 
antibody  (S2),  and  the  sample  injection  waste  (SW)  (from  Ref.  [22]  with 
permission). 

binding  site  to  form  the  antibody-antigen  complex.  Such 
assays  allow  measurements  of  trace  amounts  of  analytes 
in  complex  samples.  Conventional  immunoassays  are  slow 
and  involve  various  liquid-handling  steps.  Chip-based  im¬ 
munoassays,  combine  the  selectivity  and  sensitivity  fea¬ 
tures  of  antibody-antigen  interactions  with  the  analytical 
power,  integration,  versatility  and  reagent  economy  of  mi¬ 
crofluidic  devices,  and  hence  should  have  a  major  impact 
upon  the  detection  of  BW  agents.  Harrison  and  cowork¬ 
ers  [22]  reported  an  integrated  six-channel  microfabricated 
device  for  performing  reagent/sample  mixing,  immunolog¬ 
ical  reaction,  and  affinity  capillary  electrophoresis  (ACE) 
separation  (Fig.  6).  The  resulting  assays  were  conducted 
within  less  than  60  s  and  offered  nanomolar  detection  lim¬ 
its.  The  same  group  developed  a  stand-alone,  automated 
microfluidic-based  instrument  platform  for  immunoassays 
[23].  The  complete  system  performed  key  steps,  includ¬ 
ing  sampling,  injection,  mixing,  separation,  detection  and 
elimination  within  ca.  3-5  min.  A  robust  performance  with 
run-to-run  migration  time  reproducibility  of  0.21%  (3%  over 
14  days),  excellent  chip  durability,  and  fluorescence  detec¬ 
tion  limits  of  0.21  nM  were  observed.  Compact  subsystems 
for  the  optical  detection,  high  voltage,  fluidic  interface,  and 
computer  control  were  designed,  so  that  the  entire  system 
could  fit  into  a  portable  30  cm  x  35  cm  x  50  cm  box. 

Recent  work  from  our  laboratory  [24]  demonstrated  an 
electrochemical  enzyme  immunoassay  protocol  based  on  the 
on-chip  integration  of  a  pre-column  immunological  reaction, 
electrophoretic  separation,  with  a  post-column  enzymatic 
reaction  (Fig.  7).  The  separation  of  the  enzyme-labeled  an¬ 
tibody  from  the  enzyme-labeled  antibody-antigen  pair  was 
followed  by  post-column  addition  of  the  appropriate  sub¬ 
strate.  Amperometric  detection  of  the  liberated  aminophenol 
product  yielded  a  remarkably  low  detection  limit  of  1.7  x 
10-18M  for  the  mouse  IgG  model  analyte.  A  bead-based 
enzyme  electrochemical  immunoassay  microsystem  for 
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Fig.  7.  Schematic  of  the  microchip  for  electrochemical  enzyme  im¬ 
munoassays:  RB,  running  buffer;  B,  unused  buffer  reservoir;  Ab-E, 
enzyme-labeled  antibody;  Ag,  antigen;  S,  substrate;  IRC,  immunoreaction 
chamber;  RE,  reference  electrode;  CE,  counter  electrode;  WE,  working 
electrode  (from  Ref.  [24]  with  permission). 


speed  (<2min)  DNA  separations  at  the  glass  CE  chip.  Tang 
et  al.  [28]  described  an  integrated  four-channel  microflu¬ 
idic  electrophoretic  system  for  analyzing  genetic  materials 
in  connection  to  an  isothermal  cyclic  probe  amplification 
technology  and  a  LIF  detection.  Such  integrated  cyclic 
probe  device  offered  an  amplification  factor  of  42,000 
and  hence  led  to  fM  detection  limits.  Disposable  plastic 
(polycarbonate)  devices,  integrating  PCR  amplification  and 
DNA  hybridization,  were  developed  by  Motorola  Inc.  [29]. 
Such  integrated  devices  rely  on  the  use  of  Pluronics  phase 
change  valves  to  meet  the  requirements  of  on-chip  mi¬ 
crovalves.  Landers  and  coworkers  [30]  reported  an  efficient 
microchip-based  solid-phase  extraction  (SPE)  method  for 
purifying  DNA  from  biological  samples.  Fig.  8  demon¬ 
strates  the  ability  of  such  microchip  SPE  procedure,  in 
connection  to  on-chip  fluorescence  detection,  for  providing 
rapid  purification  of  bacterial  DNA  from  the  vaccine  strain 
of  B.  anthracis  (anthrax).  Belgrader  et  al.  [31]  developed 
a  minisonicator  to  for  rapid  lysis  of  anthrax  spores  in  con¬ 
nection  microchip  PCR  amplification.  The  total  assay  time 
(including  the  spore  disruption)  was  15  min. 


detecting  pathogenic  organisms  is  being  developed  by 
Heineman  and  coworkers  [25].  Such  system  uses  flow¬ 
through  reaction  chambers  in  which  beads  are  held  magnet¬ 
ically  while  the  necessary  reagents  and  rinsing  solutions  are 
flowing  through.  It  relies  on  the  use  of  sandwich-enzyme  (al¬ 
kaline  phosphatase)  immunoassay  along  with  amperometric 
detection  of  the  p-aminophenol  product.  The  total  system 
has  five  reservoirs  for  reagents,  two  reaction  chambers,  and 
a  detection  chamber,  all  of  which  are  connected  by  silicone 
tubing.  Bead-based  microchip  immunoassays  were  also  de¬ 
veloped  by  Kitamori  and  coworkers  [26].  Such  protocols 
relied  on  placing  polystyrene  beads,  coated  with  the  anti¬ 
body,  into  the  microchannel,  along  with  heterogeneous  im¬ 
munoassay,  and  optical  detection  of  the  colloidal  gold  tracer. 

4.2.  DNA-microchip  analysis 

Nucleic  acid  recognition  offers  unique  possibilities  for 
the  identification  of  pathogenic  organisms.  The  application 
of  microfabricated  devices  to  the  field  of  DNA  diagnostics 
holds  great  promise  for  on-site  BWA  detection.  Several  stud¬ 
ies  have  demonstrated  the  ability  to  integrate  multiple  steps, 
including  DNA  extraction,  PCR  amplification,  with  nucleic 
acid  separation  or  hybridization  and  detection  on  a  single 
microchip  platform  [27-30]. 

On-chip  integration  of  PCR  amplification  represents  a 
challenge  owing  to  the  need  for  large  temperature  changes, 
related  bubble  formation,  and  compatibility  of  the  enzyme 
involved  with  the  chip  material.  Mathies  and  coworkers  re¬ 
ported  a  microfabricated  DNA  analysis  device,  integrating 
PCR  amplification  and  CE  analysis  [27].  Such  coupling 
offered  a  rapid  thermal  cycling  capability  of  a  silicon  PCR 
reactor  (10°C/s  heating,  2.5  °C/s  cooling)  along  with  high 


5.  Sampling  and  sample  pretreatment 

Crucial  for  the  successful  realization  of  such  effective 
‘counter- terrorism’  detection  devices  is  the  development  of 
effective  “world-to-chip”  interfaces.  Such  interfaces  are  es¬ 
sential  for  obtaining  a  timely  analytical  data,  essential  for 
triggering  an  alarm  for  making  a  proper  protective  action. 
Sampling  of  both  air  and  water  samples  is  thus  essential  for 
portable  defense  diagnostic  devices. 

A  recent  contribution  from  Harrison  and  coworkers  [32] 
demonstrated  a  convenient  interface  of  microfluidic  de¬ 
vices  to  the  external  environment.  Such  interface  design 
facilitates  the  sample  introduction  into  an  electrokinetic 
microchip  (without  perturbing  the  liquids  within  the  mi¬ 
crofluidic  device),  through  the  use  of  an  interface  flow 
channel  with  a  significantly  lower  volume  flow  resistance. 
Fang  and  coworkers  [33]  developed  a  high-throughput 
continuous  sample  introduction  interface  for  microchip 
devices  based  on  a  flow-through  sampling  reservoir  featur¬ 
ing  a  guided  overflow  design.  High  stability  was  reported 
over  a  prolonged  4h  period,  involving  166  analytical  cy¬ 
cles.  Such  ability  to  continuously  introduce  real  samples 
into  micrometer  channels  would  make  “Lab-on-a-chip” 
devices  compatible  with  real-life  security  and  forensic 
applications. 

The  integration  of  sample  pretreatment  into  microfabri¬ 
cated  devices  is  also  crucial  for  the  deployment  of  field- 
portable  monitors  for  terrorist  weapons.  The  versatile  nature 
of  microfluidic  devices  provides  opportunities  to  conduct 
different  sample  pre-treatment  procedures  relevant  for  such 
detection,  including  preconcentration  or  cleanup  [34,35]. 
Sample  preconcentration  is  often  required  to  achieve  lower 
detection  limits  or  to  minimize  potential  interferences. 
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Fig.  8.  Microchip-based  solid-phase  extraction  (SPE)  protocol  for  purifying  DNA:  successive  extractions  of  bacterial  DNA  from  the  vaccine  strain  of  B. 
anthracis  (anthrax)  (from  Ref.  [30]  with  permission). 


Preconcentration  with  microfluidic  devices  has  been  per¬ 
formed  by  sample  stacking  or  solid-phase  extraction.  The 
latter  refers  to  processes  involving  retention  of  the  target 
analyte  by  a  solid  phase  followed  by  its  elution  in  a  more 
concentrated  form.  This  can  be  accomplished  by  packing 
the  microchannel  with  Cis -coated  particles  or  by  coating 
the  channel  walls  with  a  Ci8  phase.  Applicability  of  on-chip 
microscale  solid-phase  extraction  to  nitroaromatic  explo¬ 
sives  has  been  documented  [11].  On-chip  sample  cleanup 
protocols  commonly  involve  the  use  of  thin  (~1  pirn)  to 
exclude  particulates  [35]. 

6.  Conclusions  and  outlook 

We  have  described  a  variety  of  microchip  protocols  and 
devices  for  the  detection  of  terrorist  weapons  (Table  1). 
Because  of  their  versatility,  efficiency,  speed,  high  degree 
of  integration,  and  ability  to  handle  nanoliter  volumes,  mi¬ 
crochip  platforms  have  proven  themselves  attractive  vehi¬ 
cles  for  ‘counter-terrorism’  assays.  Clearly,  ‘Lab-on-a-Chip’ 


devices  offer  great  promise  for  designing  miniaturized 
field-deployable  devices  (that  retain  the  high  performance 
of  large  laboratory-based  instruments)  and  are  able  to  de¬ 
liver  the  analytical  performance  that  will  be  required  for  the 
detection  of  terrorist  weapons.  The  power  and  utility  of  such 
microfluidic  assays  will  be  greatly  enhanced  by  integrat¬ 
ing  additional  sample  processing  functions  (e.g.  cleanup, 
preconcentration)  into  their  protocol.  On-going  collabo¬ 
rative  efforts  by  several  laboratories  (including  ours)  are 
aimed  at  developing  a  self-contained  completely  functional 
multi-channel  ‘  counter-terrorism ’  field-portable  (hand-held) 
microanalyzer  for  providing  early  and  timely  simultaneous 
detection  of  different  classes  of  explosives  and  chemical 
warfare  agents.  Such  development  of  field-deployable  in¬ 
expensive  ‘counter- terrorism’  microanalyzers,  will  enable 
transporting  the  forensic  laboratory  to  the  sample  source. 
These  developments  could  have  a  major  impact  upon  the 
protection  of  first  responders  and  emergency  personnel, 
on  decision  making,  diagnosis  of  the  nature  of  the  attack, 
and  gathering  of  forensic  data,  or  upon  the  prevention  of 
terrorist  activity. 


Table  1 

Examples  of  microchip  devices  used  for  detecting  terrorist  weapons 


Analyte 

Protocol 

Detector 

Comments 

References 

Nitroaromatic  explosives 

CE 

Fluorescence 

Derivatization 

[7] 

Nitroaromatic  explosives 

CE 

Amperometry 

ppb  detection 

[9-11] 

TNT 

CE/immunoassay 

Fluorescence 

ppb  detection 

[15] 

Ionic  explosives 

CE 

Conductivity 

[12] 

Ionic  and  organic  explosives 

CE 

Conductivity/  amperometry 

[14] 

AChE  inhibitors 

Enzyme  inhibition 

Fluorescence 

[17] 

Cyanide 

Fluorescence 

Derivatization 

[20] 

CWA  degradation  products 

Conductivity 

[19] 

B.  anthracis  bacterial  DNA 

Solid-phase  extraction 

Fluorescence 

[30] 

10 
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